Abstract-We propose a new parameter extraction method for advanced polysilicon emitter bipolar transistors. This method is based on the predetermination of equivalent circuit parameters using the analytical expressions of de-embedded Z parameters of these devices. These parameter values are used as initial values for the parameter extraction process using optimization. The entire device equivalent circuit, containing RF probe pad and interconnection circuit parameters extracted by test structures, is optimized to fit measured S parameters for eliminating deembedding errors due to the imperfection of pad and interconnection test structures. The equivalent circuit determined by this method shows excellent agreement with the measured S parameters from 0.1 to 26.5 GHz.
I. INTRODUCTION
OLYSILICON emitter bipolar transistors have emerged P as popular devices in high speed digital and analog circuit applications. They offer the advantages of improving current gain and forming extremely narrow bases. For the realization of high speed circuits, the popularity of these devices has been accelerated by the recent progress of a double polysilicon self-aligned process [ 11, [ 2 ] . An accurate smallsignal equivalent circuit model for polysilicon self-aligned (PSA) bipolar transistors is a very useful tool for the high frequency circuit simulations. The equivalent circuit model can be used to optimize the microwave performance of the PSA bipolar transistors for efficient circuit designs.
In general, equivalent circuit parameters are extracted by fitting circuit parameter values to the measured device S parameters. However, the optimized parameter values during this fitting process may vary depending on the initial values and may deviate considerably from physical values, because of the large number of unknown variables in the equivalent circuit [3] . In order to obtain a global minimum result, it is essential to provide physically estimated initial values that may be determined from independent dc and RF measurements [3] . For the determination of initial values, the device resistances are usually estimated from I-V data [4], [5] , and device capacitances are obtained from C-V measurement. Sometimes, the initial values are calculated approximately by simple theoretical equations using layer and layout parameters [6] . However actual values in the equivalent circuit, due to the following reasons: 1) Since I-V data should be measured at high current level for extracting parasitic resistances, the measured values have uncertainties associated with high current effects [7] .
2 ) The C-V data measured in the frequency range of 1 to 100 MHz are not sensitive enough to accurately determine low capacitance values for advanced high speed devices. Therefore, it is better to determine initial values for resistances at the same current level as a bias of the small-signal circuit model, and to determine the capacitances in the high frequency range of GHz. The best method to achieve this is to extract initial values directly from the measured S parameters. Since RF probe pads and related interconnections add parasitics to the measured S parameters, these parasitics should be subtracted, that is, de-embedded, from the measured S parameters using the de-embedding technique [8] , 191 .
In this paper, we developed a new parameter extraction method based on the predetermination of device resistances and capacitances using analytical formulations of 2 parameters derived from measured S parameters for the equivalent circuit model of PSA bipolar transistors. This expedites the extraction process, and results in better convergence during optimization. This new method does not require any other independent measurements or special test structures to determine device resistances and capacitances of the PSA bipolar transistors. Possible de-embedding errors are eliminated by optimizing the equivalent circuit of the PSA devices including RF probepattern (RF probe pad and interconnection) to fit the measured S parameters. Fig. l(a) shows the layout of a typical RF probe-pattern used to measure the PSA bipolar transistors. Since this probepattern contains additional parasitics including resistances, inductances, and capacitances of pads and interconnects, an accurate de-embedding technique should be performed prior to the extraction of device parameters. The RF probe-pattem parasitics are subtracted from measured S parameters using four test structures. The first is the "open" structure that consists of RF probe pads and interconnections without contacting to device active area. The "short 1 ," "short2," and "through" test structures consist of the "open" structure except with shorted base and emitter (B-E), shorted collector and emitter (C-E), and shorted base and collector (B-C) interconnections at the plane of PSA bipolar transistors, respectively. Our de-embedding method becomes accurate, because these test structures are fabricated by the same process as the actual device except for skipping the interconnection contact process. Fig. 1 (b) shows the physical equivalent circuit representation of the RF probe-pattem used for our de-embedding procedure.
DE-EMBEDDING PROCEDURE

This consists of three parallel elements (YPBE, YPBC, YPCE) and three series elements ( Z B , Z E , ZC).
High-frequency S-parameter measurements were performed on each test structures and several n-p-n double polysilicon self-aligned bipolar transistors with emitter area of 2 x 4 pm2.
The tests were performed at I, = 2.0 mA and VCE = 2 V using Cascade Microtech RF probes and an HP85 10B Network Analyzer for the frequency range of 0.1 to 26.5 GHz. The extraction of the PSA device parameters is performed by using de-embedded 2 parameters after the probe-pattern parasitics are accurately removed. Note that the symbols used in this deembedding procedure are defined in Table I . This procedure is summarized as follows:
and [ST] of "open," "short1 ," "short2," and "through" 
DEVICE PARAMETER DETERMINATION
A hybrid-T small-signal equivalent circuit model for the PSA bipolar transistor without the RF probe-pattem is shown in Fig. 2(a) . In this model, C, is the emitter-base capacitance, T, is the dynamic emitter resistance, C,, is the base-collector junction capacitance, Tbb is the base resistance, T,, is the collector resistance, T,, is the emitter resistance including polysilicon resistance, and C,, is the collector-substrate capacitance. [YT 1 The small signal transconductance with transit time components is expressed as [lo] If the effect of C,, is neglected in the low frequency region, this small-signal equivalent circuit is described by the following 2 parameters: where 2, = l+j:;nc,.
From the 2 parameters, we can determine resistances and capacitance directly as follows:
Taking the real part of 2 1 1 -2 1 2 for base resistance (Tbb) removes the possible imaginary term due to capacitive effects and Z21 M -2/S12 in the low frequency region [12] . The value of 2 2 1 may fluctuate substantially, because S12 is small and subject to measurement error. Therefore, we use another equation given by
In the high frequency region, the second term in (10) is neglected and 2 2 2 is approximated by T,, + ree t 1 P C C , . For this purpose, we develop a probe-pattern equivalent circuit model shown in Fig. 5 . The RF probe pad is modeled as the lossy capacitance that consists of pad capacitance connected in series with a substrate resistance depending on the resistivity of p-bulk Si substrate [16] , 1171. The interconnection is modeled by series connection of resistance and inductance. In general, most previous equivalent circuit modeling results have been optimized without independent measurements of pad and interconnection parasitics. This may produce unphysical parameter values during the optimization due to the large number of unknown parameters. Therefore, the RF probe-pattern parasitics must be predetermined with properly designed test structures [ 141.
Therefore, (10) is rewritten by
To do this, the "open," "short 1 ," and "short2" circuit model parameters are simultaneously optimized to fit the measured ~151. This process leads to more accurate and physical parameter extraction. An important factor to be considered to obtain good parameter extraction is that the equivalent circuit should be accurate enough to model a device under a test. In order to have a better curve-fitting to the measured S parameters, the base-collector RC distributed components [ 191 should be considered in the equivalent circuit for optimization. For these effects, Tbb and c,, are divided into intrinsic ( T b , c,) and extrinsic (rhp, cb,) sections, where 7'bp is the extrinsic base resistance including p t base polysilicon and contact area, and Cb, is the extrinsic base-collector junction capacitance under an extrinsic base area. Another capacitance (C,) associated with silicon dioxide between base and emitter polysilicon layers is also inserted between the extrinsic base contact and emitter ground. The extended small-signal model including these components is shown in Fig. 2(b) . 
